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[1] Infrasonic and seismic waveforms were collected during
violent strombolian activity at Yasur Volcano (Vanuatu).
Averaging ~3000 seismic events showed stable waveforms,
evidencing a low-frequency (0.1–0.3Hz) signal preceding
~5–6 s the explosion. Infrasonic waveforms were mostly
asymmetric with a sharp compressive (5–106 Pa) onset,
followed by a small long-lasting rarefaction phase.
Regardless of the pressure amplitude, the ratio between the
positive and negative phases was constant. These waveform
characteristics closely resembled blast waves. Infrared
imagery showed an apparent cold spherical front ~20 m thick,
which moved between 342 and 405m/s before the explosive
hot gas/fragments cloud. We interpret this cold front as that
produced by the vapor condensation induced by the passage
of the shock front. We suggest that violent strombolian
activity at Yasur was driven by supersonic dynamics with
gas expanding at 1.1 Mach number inside the conduit.
Citation: Marchetti, E., M. Ripepe, D. Delle Donne, R. Genco,
A. Finizola, and E. Garaebiti (2013), Blast waves from violent
explosive activity at Yasur Volcano, Vanuatu, Geophys. Res. Lett.,
40, doi:10.1002/2013GL057900.
1. Introduction
[2] Volcano acoustics is providing important constraints
on the explosive time history and eruption dynamics, and
since its ﬁrst applications, it is now widely applied world-
wide on active volcanoes [e.g., Johnson and Ripepe, 2011;
Fee and Matoza, 2013]. Being unaffected by the cloud cover
and suffering limited attenuation in the atmosphere,
infrasound (< 20Hz) is also used for event detection at
medium-range distances from the source (<10 km) and to
evaluate the intensity and duration of explosive events [e.g.,
Marchetti et al., 2009].
[3] Volcano acoustics generally assumes a linear theory of
sound [Lighthill, 1978] to explain different source mecha-
nisms of a large variety of explosive activity, from
strombolian to vulcanian up to subplinian events [e.g.,
Johnson and Ripepe, 2011].
[4] However, it is possible that in rapid and violent volca-
nic explosions, similar to nuclear or chemical cases, linear
analyses of infrasound might be limited by nonlinear dynam-
ics [Garces et al., 2013]. In such cases, a shock front gener-
ated by the supersonic pressure release in a conﬁned small
volume propagates as blast wave. Blast waves are character-
ized by the sharp compressive onset deﬁned by the leading
shock front and by a longer-lasting rarefaction wave of
smaller amplitude that forms immediately behind the shock
front [Reed, 1977; Needham, 2010].
[5] Unlike in linear acoustics, which predicts in a 3-D
space symmetrical acoustic waveforms, blast waves maintain
their asymmetrical shape for large distance from the source
and only eventually evolve into N-shape waves [Needham,
2010]. Thus, when propagation velocity of a blast wave
decays to that of the sound [Kinney, 1962], its asymmetric
(or N-shape at larger distance) waveform is the evidence of
nonlinear dynamics of the source process.
[6] Up to now, shock fronts for vulcanian events traveling
at supersonic propagation velocities in the plume [Nairn,
1976] or immediately above the vent [Yokoo and Ishihara,
2007] have been only observed visually but never reported
directly from pressure records.
[7] Direct measurement of propagation velocity is, in fact,
strongly limited by the dramatic attenuation of blast waves
with distance, which corresponds to a reduction in propaga-
tion velocity [Kinney, 1962]; thus, even near-source sensors
(~100m) are already too far away to detect a supersonic mov-
ing front. In this study, we present evidence of blast waves
associated with violent explosive activity at Yasur Volcano,
which are supported by the analysis of thermal images.
2. Explosive Activity andGeophysical Deployment
[8] Explosive activity of Yasur Volcano in the Vanuatu ar-
chipelago, southwest Paciﬁc, spans typically from persistent
strombolian to vulcanian [Nabyl et al., 1997]. This explosive
activity is a proliﬁc source of powerful infrasound recorded
as far as 600 km of distance [Le Pichon et al., 2005]. At the
time of the experiment in July/August 2008, the activity
was characterized by frequent violent strombolian events
from three active vents located within two craters (Figure 1).
Explosions were typically violent strombolian, ejecting
meter-sized bombs, together with less frequent but sustained
ash emissions, lasting up to 20 s and reaching heights of several
hundreds of meters. Two vents (SW and SE in Figure 1a) were
active within the southern crater and produced ash-rich and
scoria-rich explosions, respectively. A third single vent (N)
was active within the northern crater. The activity at the SE
and N craters was very strong and frequent with a mean explo-
sive rate of ~60 explosions per hour, while explosions at the
SW vent were less frequent and weaker.
[9] This activity was recorded with a four-element small
aperture (150m) infrasound array (IAR), deployed at ~ 700m
from the active vents, and an infrasonic station (ITS),
deployed on the crater rim (Figure 1a). HoneywellTM
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differential pressure transducers (DC001NDR5), with a sen-
sitivity of 10mV/Pa in the frequency range of 0.01–50Hz
and maximum excess pressure of 500 Pa peak-to-peak, were
used as infrasonic sensors. A Guralp CMG/40 T seismome-
ter, with eigenperiod of 30 s, was colocated with the central
element of the array. All data were collected at 100Hz with
GuralpTM CMG/DM24 digitizers with GPS timing.
[10] The thermal videos of explosive activity from SE vent
were collected from ITS (Figure 1) with an FLIR A20 thermal
camera at 50Hz. The 34°×25° (9.2mm) optical lens allowed
a complete view of the southern crater and provided a thermal re-
cord of the explosion up to ~160 m height above the vent. Time
synchronization of the camera was achieved by GPS receiver.
3. Infrasonic Activity
[11] Infrasonic transients were located using the multi-
channel correlation method [e.g., Ripepe et al., 2007], which
allowed separating signal from noise in terms of back
azimuth, excess pressure, and propagation velocity. We thus
extracted and analyzed ~3000 explosive events, limiting our
analysis to explosions from the SE and N vents, which were
more frequent and energetic than explosions at the SW vent
(Figure 1a). Besides, being the back azimuth of the SW vent
(267–273°N) similar to SE vent (262–269°N), the removal of
the SW events from the data set was also based on the ampli-
tude of the acoustic pressure (> 1Pa at the array) and, when-
ever possible, on the visual observation of the activity. These
criteria allowed identifying, between 31 July and 3 August,
2008, 1959, infrasonic and seismic transients for the SE vent
(Figure 1b), and 808 events for the N vent (Figure 1d).
[12] Infrasonic waveforms, from both the SE and N craters,
were highly stable in time, leading to a robust averaged signal
for each explosive vent (Figures 1b and 1d). The mean corre-
lation coefﬁcient between all the single events and the average
waveforms exceeded 0.8 for both the vents. The strong wave-
form stability pointed to a repetitive source mechanism very
stable in time and space. Averaging the waveforms disclosed
similarities at a small scale in both cases, and the presence of
three separate phases is underlined by different color bands
in Figure 2. A ﬁrst, very sharp positive peak of short (~0.2 s)
duration was followed by a longer-lasting (~2 s) negative
phase merging in a ﬁnal positive weak compressive phase last-
ing ~1.5 s. Themean peak pressure amplitudes (at 700m)were
24Pa for the SE and 18Pa for the N crater, while the duration
of the ﬁrst pressure pulse was 0.2 and 0.15 s for the SE and N
crater, respectively. In both the cases, although the amplitude
of the peak pressure can vary signiﬁcantly (more than 1 order
of magnitude from 5 to 106Pa) among explosions from the
same vent, the duration of the whole signal (3.5 s) as well as
that of the ﬁrst pressure pulse and the negative phase were very
stable (Figure 2). In addition, all the infrasonic signals shared
secondary pressure peaks very stable in time (Figure 2). This
waveform stability at the small details scale is the evidence
of the reliability of the criteria used to separate acoustic waves
generated by the same source.
Figure 1. (a) Digital elevation model of Yasur Volcano, Tanna Island, Vanuatu, showing the position of IAR and ITS. The
three active vents are shown in gray, while black lines indicate the array geometry at IAR and targeting of the FLIR A20
thermal camera operated at ITS. Raw (gray) and averaged (black) infrasonic waveforms for explosions from (b) SE and (c)
N vents. Averaged ground displacement (no ﬁltering has been applied) shows a remarkable low-frequency (~0.1–0.3Hz)
component both for the (d) SE and (e) N vents. Pressure and seismic signals have been corrected for the source-to-receiver
travel time. Power spectral density of averaged signals associated with the (f ) SE and (g) N indicates a frequency of
0.33Hz for the pressure wave (black) associated with both craters. Ground displacement (blue) is characterized by two
frequency components, one at 3Hz associated with the ground couple wave and the other at 0.1–0.3Hz triggered by the
explosive source process. The red line shows the power spectral density of seismic noise before explosions.
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4. Very Long Period Seismic Signal
[13] Seismic signals associated with explosions at the three
vents had durations of 20–30 s and were characterized by emer-
gent onset heavily contaminated by ocean microseisms. Given
the large stability of the infrasonic waveforms, seismic signals
were aligned according to the infrasonic onsets (Figures 1c and
1e) to enhance the explosive component of the seismic wave-
form. The averaging for each crater has the property of increas-
ing the signal-to-noise ratio and reducing the effect of seismic
tremor and oceanic microseism. For both the SE and N vents,
the averaged seismic ground displacement was very stable and
enhanced a high-frequency component at ~3Hz overimposed
to a very long period oscillation (0.1–0.3Hz).
[14] Seismic displacement related to explosions from SE
vent (Figure 1c) had 4 times higher amplitude (~2 × 105m)
than events from N vent (0.5 × 105m) (Figure 1e). In both
the cases, the high-frequency component at 3Hz was recorded
at the same time as the pressure transient (Figures 1b–1e),
suggesting that it was probably produced by the ground-
coupled pressure wave. In both the cases, the very long period
signal clearly preceded the explosive onset of ~5–6 s. The
onset of the very long period oscillation was quite clear on
the seismic displacement associated with the SE vent
(Figure 1c). This was most probably due to the larger number
of signals averaged for the SE (1959) than for the N vent
(808), resulting in a larger attenuation of noise. However, in
both cases, the averaging showed how the oscillation was
induced by the explosion, and it did not result from the con-
structive interference of oceanic microseism that was actually
recorded in almost the same frequency content.
5. Thermal Analysis of Explosive Dynamics
[15] The dynamics of the explosive activity was analyzed
from infrared thermal videos collected at 50Hz. The time evo-
lution of the gas-ash plume emission was obtained from the
frame-by-frame temperature difference (see Delle Donne and
Ripepe [2012] for details), because it allowed tracking the
plume dynamics in terms of temperature changes (Figure 3a).
[16] Thermal image recorded a sharp temperature drop of
~5°C, spherically propagating as a cold front ~20 m thick.
This preceded a temperature increase due to the expansion of
hot cloud of gas, ash, and lava fragments, which propagated
into the atmosphere as a hot front.
[17] We infer that this cold thermal phase is generated by a
compressive wavefront that causes instantaneous vapor con-
densation, triggered by the pressure increase at constant tem-
perature. H2O molecules are strongly attenuating thermal
infrared by molecular rotations and vibrations, thus resulting
into an increased absorption of the infrared thermal radiation
coming from the background hot crater wall. This phenome-
non was not always visible in the thermal images, and it pos-
sibly depended on the thermal radiation of the background
hot material, atmospheric conditions, and/or pressure gradient.
[18] This apparent cold thermal phasewas also recorded by the
infrared radiometer deployed at ITS (Figure 1a), as a small but
clear thermal drop of ~1° with a duration of ~0.2 s (Figure 3c).
[19] To evaluate the propagation velocity of these thermal
phases, we calculated the temperature difference between
two consecutive frames along a vertical line located in the
center of the vent NE (Figure 3b). Using this method, we
found that the apparent cold front was propagating from the
vent (Figure 3a) with a vertical velocity of 341–403m/s
(Figure 3b). This range in the propagation front velocities
(mean value of 372m/s) was related to our uncertainty in
estimating the explosive center within a conﬁdence interval
of ±30m using a topographic survey.
[20] At ambient pressure, these velocities were consistent with
a sound speed c ¼ ﬃﬃﬃﬃﬃﬃﬃﬃγRTp in the temperature T range between
293 and 373K, where γ is the heat capacity (1.4) of the gas
and R is the speciﬁc gas constant (287.058 J/kgK) for dry air.
However, if we consider ambient temperature conditions
of 20°C (293K) for the atmosphere above the crater, these
velocities suggest propagation of the cold front at supersonic
(>340m/s) velocity.
Figure 2. (top) Averaged infrasonic waveforms and (bottom) the alignment of infrasonic transients for explosive events at
(a) SE and (b) N vents. Positive (red) and negative (blue) amplitudes highlight the strong stability of the pressure waveforms
features, regardless of the variations (5–106 Pa) in the peak pressure.
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[21] Shortly after (0.04 s; two frames in the thermal
imagery) the pressure wave, hot material was driven out of
the vent by the explosive gas/plume expansion, with a mean
upward exit velocity of 196m/s that rapidly decelerated
down to a value of 152m/s within ~0.25 s.
6. Blast Wave Evidence
[22] Infrasound recorded at Yasur Volcano during the
2008 experiment differs signiﬁcantly from the symmetric
waveform of infrasonic transients commonly recorded on
volcanoes producing strombolian and vulcanian explosions
[e.g., Johnson and Ripepe, 2011; Fee and Matoza, 2013].
The overall strong stability of the infrasonic signal
(Figure 2) is likely to be related to a source process. On the
other hand, the impressive waveform stability of the second-
ary group of peaks (Figure 2) might be related to propagation
effects, such as reﬂections within the conduit [Kim and Lees,
2011] and/or diffraction of topography [Matoza et al., 2009;
Lacanna and Ripepe, 2013].
[23] However, the asymmetry of the pressure wave resem-
bles the blast waves radiated by chemical and nuclear explo-
sions (Figure 4c). Blast wave recorded near the source is, in
fact, characterized by an asymmetric pressure wave, with
the compression peak extremely sharp and much larger than
the following rarefaction [e.g., Reed, 1977; Needham, 2010].
With increasing distance from the source, this asymmetry
is lost and blast waves assume the characteristic symmetric
N-wave shape (Figure 4d). This distance is controlled by
the excess pressure at the source. For example, in the case
of the 10 t of TNT equivalent Sayarim calibration experiment
that produced a peak pressure of 7.14 kPa at 351m from the
source [Gitterman and Hofstetter, 2012], the asymmetry is
already lost at a distance of 5181m (Figure 4d).
6.1. The Friedlander Waveform
[24] A blast wave is an area of pressure expanding super-
sonically outward from an explosive source, and it has a leading
shock front of compressed gases. The blast wave is followed
by a blast wind of negative subsonic pressure (Figure 4c),
which sucks items back in toward the center. Moreover, the
duration of the rarefaction negative phase is proportional to
the duration of the positive pressure pulse, regardless of the
peak pressure value [Reed, 1977]. This is well described by
the Friedlander’s equation, which deﬁnes the pressure of the
blast wave p(t) as a function of time:
p tð Þ ¼ poe
1
τ 1 t
τ
 
(1)
where po is the peak overpressure at the source and τ is the
relaxation time representing the time at which the pressure
Figure 3. (a) Frame-by-frame thermal difference enhances an apparent cold front spherically radiating from the source during
an explosion from SE vent on 1 August 2008. (b) Time evolution of the vertical distribution of the thermal difference shows how
the apparent cold (in blue) front, 20 m large, is moving at a velocity (dashed line) ranging between 341 and 403m/s. After 0.04 s,
this is followed by the emission of hot gas/fragments cloud (in red), which moves at a velocity of 196m/s. (c) Explosion is
recorded by the Omega thermal radiometer as a large temperature increase. Moreover, (d) the close-up of the thermal onset shows
a small temperature decay, which coincides with the apparent cold front evidenced by the thermal camera shown in Figure 3a.
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ﬁrst crosses the horizontal axis (before it becomes negative).
Friedlander equation shows how the duration of the rarefac-
tion negative peak is proportional to (~ 5 times) the duration
of the ﬁrst positive compressive peak, regardless of the
amplitude of the peak pressure (Figure 4a). Besides,
Friedlander’s equation also predicts that the amplitude
ratio between the positive and negative peaks is constant
(~7 times) and independent of the peak overpressure
(Figures 2 and 4a–4c). The average infrasonic waveform of
explosions (Figure 4b) has an amplitude ratio of ~7 in agree-
ment with the Friedlander equation. Pressure waves recorded
at Yasur thus respect the self-similarity principle stated by the
Friedlander equation both in terms of amplitude and duration
ratios between the positive and negative phases (Figure 4).
6.2. The Mach Number
[25] A shock front is a large-amplitude compression wave,
which deﬁnes a region of abrupt change of pressure, temper-
ature, and density moving at, or above, the velocity of sound.
Shock front is usually caused by a body (or ﬂuid) moving su-
personically at a velocity u greater than the sound speed c de-
ﬁned in terms of Mach numberMa=u/c> 1. A blast wave is
a shock front that expands outward from the explosion
center; it is generated by the rapidly expanding gas and im-
plies nonlinear dynamics.
[26] The governing relations for 1-D shock wave theory
are described by the Rankine-Hugoniot equations, which
deﬁne the property changes of a generic ﬂuid across a shock
front:
po ¼ patm 1 þ
2γ
γ þ 1 Ma
2  1 
 
(2)
where γ= 1.4 is the heat capacity of the dry atmosphere.
[27] Using equation (2), we can calculate the expected
Mach number (Ma) from the pressure ratio po/patm at the
shock front between the ambient (atmospheric pressure
patm = 10
5 Pa) and the shocked state po= 1.17 × 10
5 Pa, by as-
suming that overpressure po=patm+pacu× r is equivalent to
the acoustic pressure pacu (5–106 Pa) recorded at a distance
r = 700m. From equation 2, we estimated a Mach number
ranging between 1.01 and 1.28 (mean value Ma = 1.1), indi-
cating that the shock front moves at a speed u of 345 and
437m/s (average u = 374m/s). These values are very close
to the mean propagation velocity (372m/s) of the apparent
cold front evidenced by thermal imagery (Figure 4).
7. Discussion and Conclusions
[28] The violent explosive activity observed at Yasur
Volcano during July/August 2008 generated self-similar
(R> 0.8) infrasonic waveforms, suggesting that explosions
are produced by a stationary source process. All the infra-
sonic signals presented a strong asymmetry, with a sharp pos-
itive pressure onset followed by a longer-lasting negative
rarefaction phase. Self-similarity and asymmetry of the
recorded pressure waveforms resembled blast waves.
[29] During violent explosive dynamics, large quantities
of gas are released in a very short time [Needham, 2010].
The gas expands violently forcing out the conduit to the
surrounding air. A layer of compressed air forms in front
(the shock front) of the gas/fragments cloud. As the gases
expand, their pressure drops to atmospheric levels. Thus,
the pressure of the compressed air at the blast wavefront
reduces with distance from the source. As the expansion
continues, pressure falls a little below ambient atmospheric
levels because the velocity of the gas causes a partial
overexpansion, which is recorded as a negative rarefaction
excess pressure (the blast wave). Acoustic signals recorded
at Yasur exhibited constant ratio between the positive and
negative phases, which ﬁts the Friedland waveform and
supports the blast wave model.
[30] Moreover, thermal imagery could detect this pressure
wave as soon as it exited the vent as a relative ~20 m thick
cold front, which radiates spherically from the source. This
front of relative cold temperature moves before the volcanic
hot gas/fragments cloud, demonstrating that acoustic waves
are generated by gas expansion within the conduit.
[31] The propagation velocity of the cold front measured
by thermal images at the vent ranged between 341 and
403m/s, depending on our ±30 m uncertainty on the source
camera slant distance and topography of the crater rim. By
assuming supersonic dynamics, the Rankine-Hugoniot rela-
tionship for the mean acoustic pressure (25 Pa) recorded at
the array presented a Mach number of 1.1, equivalent to a
gas expansion velocity of 374m/s.
Figure 4. Comparison between (a) theoretical Friedlander
waveform, (b) averaged pressure wave at Yasur, and (c and
d) blast waves generated by an artiﬁcial explosion of 10 t of
TNT equivalent during the 2011 Sayarim calibration
experiment [Gitterman and Hofstetter, 2012]. The blast wave
measured at 2456m shown in Figure 4c shows the typical
asymmetry predicted by the Friedlander waveform shown in
Figure 4a and calculated from equation 1, assuming a relaxa-
tion time τ of 0.063 s measured on the raw signal shown in
Figure 4c. Asymmetry is lost at the distance of 5181m shown
in Figure 4d from the source when the blast wave becomes
symmetric and assumes the typical N-wave shape. Timescale
of the recorded pressure waves has been normalized by
different relaxation times. Signals shown in Figures 4c and
4d have been recorded using the same sensors as those used
for the Yasur experiment.
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[32] Our data thus suggest that explosive activity at Yasur
is capable of generating blast waves. The blast waves are
expected and well documented for plinian eruptions [Reed,
1987] and have also been reported for vulcanian eruptions
[Nairn, 1976; Yokoo and Ishihara, 2007]; however, they
have never been recorded during strombolian events. This
evidence has a direct consequence on the source modeling
of infrasonic transients generated by explosions because it
requires nonlinear source dynamics to also explain small-
scale (volcanic explosivity index < 2) explosive processes.
Till date, nonlinear dynamics of sound had been neglected,
and our recordings point out the need to critically address
the linear theory assumption when inferring source properties
by infrasonic signals.
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